I. INTRODUCTION
The physical properties of semiconductors at high pressure have attracted a lot of attention. Tuchman et al. 1 found interesting photoluminescence ͑PL͒ behavior in ZnSe/ ZnMnSe superlattices under hydrostatic pressure. They concluded that the band alignment for the ZnSe/ZnMnSe superlattice is type I. Faster increase in energy in the biexciton PL was observed. Gorczyca and Christensen 2 and Yamada and Masumoto 3 studied the band-alignment-type conversion in the ZnS/ZnSe strained-layer superlattice. Ves et al. found that the band gap in ZnSe opens up as the applied pressure increases. 4 Arora et al. 5 reported the splitting of the transverse optical ͑TO͒ phonon at pressures around 2.8 and 5.2 GPa. Lee and Ihm theoretically studied the pressure-induced structure phase transition of ZnTe. 6 Li et al. used a highpressure technique to study the photoluminescence spectra of doped ZnSe for the identification of impurity locations. 7 The pressure-induced metallization of ZnSe was observed by Itkin et al. 8 Qadri et al. 9 used energy-dispersive x-ray diffraction ͑EDXD͒ measurements to study the pressureinduced zinc blende ͑ZB͒ to rock salt ͑RS͒ ͑sodium chloride, NaCl͒ phase transition of Zn 0.83 Fe 0. 17 Se crystal. The transition from the zinc blende (B 3 ) to sodium chloride (B 1 ) phase was determined to be 10.4Ϯ0.6 GPa.
Recently, we studied the phonon Raman scattering of ZnSe and ZnFeSe bulk crystals. [10] [11] [12] The semiconductor to metal phase transition was found to coincide with the zinc blende to rock salt structural transition. At the transition pressure, the longitudinal optical ͑LO͒ phonon disappears in the Raman spectra due to the metallization of the ZnSe and ZnFeSe bulk crystals. At the transition pressure, the TO phonons are still observable in the Raman spectra due to the possible existence of transverse surface vibration modes. The physical properties of ZnMnSe bulk crystals are similar to those of ZnFeSe bulk crystals. Both types of crystals belong to the diluted magnetic semiconductor ͑DMS͒ family. 13 However, to the best of our knowledge, pressure-induced structural transitions have not been studied at high pressure. In this article, the pressure-induced structural transitions of Zn 0.93 Mn 0.07 Se and Zn 0.76 Mn 0.24 Se bulk crystals were studied using energy-dispersive x-ray diffraction at pressures up to 25 GPa. The zinc blende to rock salt structural transitions were observed at 11.8Ϯ1.5 and 9.9Ϯ0.5 GPa. We propose that the pressure-induced zinc blende to rock salt structural transition is an indirect observation of the semiconductor to metal phase transition. In addition, the Raman scattering of the Zn 0.93 Mn 0.07 Se and Zn 0.76 Mn 0.24 Se bulk crystals were studied at high pressures up to 35 GPa.
II. EXPERIMENT
In the energy-dispersive x-ray diffraction experiments, crystals grown using the modified Bridgman method were a͒ Author to whom correspondence should be addressed. ground into small particles of 1 m in size. The samples were then loaded with gold powder into a Mao-Bell-type diamond anvil cell ͑DAC͒, which had two 1/3 carat diamonds and 600 m culets. The gold powder was used for the calibration of the DAC pressure. 14 The energy-dispersive x-ray diffraction experiments were carried out at the X17C beam line of the National Synchrotron Light Source ͑NSLS͒ of the Brookhaven National Laboratory ͑BNL͒. The beam size was 50ϫ50 m 2 . A germanium energy-dispersive detector, which had 1024 channels was set in position, where the diffraction angle was 5°, for the detection of the diffracted x-ray beam. The spectrum resolution was about 0.1 keV, which corresponded to the accuracy of d hkl ͑crystal-plane spacing͒ calculation of about 5ϫ10 Ϫ3 Å. The precision for the determination of the peak position of the diffraction x ray from 0.1 keV of gold powder corresponded to a resolution of DAC pressure of about 0.3-0.5 GPa. In cases of highpressure Raman scattering, the ruby powder was loaded with samples for pressure calibration using the fluorescence scale method. 15, 16 The Raman spectra and the fluorescence spectra of ruby powders were obtained using a Renishaw 2000 micro-Raman system. The 514.5 nm line from the Coherent INNOVA 5.0 W Ar ϩ laser is used as the excitation. Usually, a laser beam with a power of 80 mW was focused to a size of about 5 m on the sample surface in the DAC. The backscattering Raman signals were collected using the microRaman system and detected by a cooled Peltier chargecoupled device. To analyze the Raman spectra, a Jandel Scientific Peakfit Computer Program was used to calculated the position, intensity, and the width at the half maximum of the peaks. The spectral resolution was better than 2 cm
Ϫ1
. As a result, the precision of the pressure determination, which was done by reading the peak position of the ruby R 1 and R 2 fluorescence, was much better than 0.5 GPa.
III. RESULTS AND DISCUSSION
The energy-dispersive x-ray diffraction spectra from the Zn 0.93 Mn 0.07 Se bulk crystal, which had a ZB structure (B 3 phase͒ at ambient pressure, are shown in Fig. 1 . At 2.6 GPa, the peaks at 22, 36, and 42 keV are attributed to the diffraction from the ͑111͒, ͑220͒, and ͑311͒ planes of the Zn 0.93 Mn 0.07 Se bulk crystal, respectively, while the peak at 30 keV is identified as the diffraction from the ͑111͒ planes of gold used as the pressure calibration. The diffraction peak of the Au ͑200͒ planes at 35 keV was too weak to be observed. As the pressure is raised, the diffraction peaks exhibit a blueshift in energy due to the shortening of the lattice constant. At 10.8 GPa, additional peaks emerge at 27.7 and 40 keV. The two peaks are attributed to the diffraction of the ͑200͒ and ͑220͒ planes of the RS structure (B 1 phase͒ of Zn 0.93 Mn 0.07 Se. As the pressure is increased further, the diffraction due to the ZB structure disappears. The variation in plane spacing versus pressure for the (hkl) planes and the equation of state ͑EOS͒ V/V 0 versus pressure, are shown in GPa results from the difficulty of pressure tuning while the error of 0.5 GPa comes from the uncertainty of the pressure determination. The bulk modulus evaluated at low pressure for Zn 0.93 Mn 0.07 Se is about 61.8Ϯ0.8 GPa, which is slightly smaller than that of 62.4Ϯ0.8 GPa for ZnSe. This implies softening of the lattice due to the substitution of Zn by Mn. Note that the change in bulk modulus was only about 1%.
The variation of d hkl for Zn 0.76 Mn 0.24 Se with pressure is shown in Fig. 3 . At ambient pressure, the plane spacings d 111 , d 220 , and d 311 of the ͑111͒, ͑220͒, and ͑311͒ planes were 3.31, 2.03, and 1.72 Å, respectively. The plane spacing decreases with pressure due to the shortening of the lattice constant. Below 9.0 GPa, the crystal structure is ZB. At 9.8 GPa, the zinc blende to rock salt phase transition occurs. The volume drops from 89% of the initial volume V 0 to 75% of V 0 . Above 10.0 GPa, the diffraction due to the ZB phase disappears. For this sample, the pressure tuning was much better controlled. More data points were obtained in the neighborhood of the phase transition. As a result, the error bar is only 0.5 GPa, which was caused by the uncertainty in the pressure determination. The pressure where the crystal fully transforms from ZB to RS could be written as 9.9Ϯ0.5 GPa.
In Fig. 4 Greene , Luo, and Ruoff. 17 The ZB-RS transition pressure drops from 15.5Ϯ0.5 to 11.8Ϯ1.5 GPa, and 9.9Ϯ0. Mn impurity mode is observed at 219 cm
Ϫ1
. As the pressure is increased, all of the three phonon modes exhibit a blueshift. At pressure around 4.7 GPa, a split TO phonon mode starts to develop. It becomes very pronounced at 6.0 GPa. The split TO phonon mode exhibits a redshift in energy. The occurrence of splitting of the TO phonon mode implies a phase transition, which was reported by Arora et al. 5 As the pressure is increased further, the TO phonon mode splits once more. The second splitting occurs at a pressure around 8.0 GPa. A summary plot of the Raman shift versus pressure of all the Raman peaks is shown in Fig. 6 . The solid lines represent the quadratic fit to the data. For LO, the fit is represented by 248.9ϩ4.05pϪ0.173p 2 cm Ϫ1 ͑the unit of pressure is GPa͒. Above 9.6 GPa, the LO and Mn impurity modes become almost invisible. The same phenomena, disappearance of the LO and impurity mode, were observed in ZnFeSe bulk crystal by us recently. [10] [11] [12] The disappearance of the LO and impurity mode is attributed to the semiconductor to metal phase transition. The phase transition pressure, 9.6Ϯ0.5 GPa, is coincident with the ZB to RS structure transition pressure 9.9Ϯ0.5 GPa, as shown in Fig. 4 . At pressures above the phase transition, the samples become opaque. This implies that for ZnSe-based ternary compounds ͑ZnMnSe and ZnFeSe͒, both the disappearance of the LO and impurity mode phonons and the ZB to RS structural transition are the signatures of the semiconductor to metal transition.
The high-pressure Raman spectra for the Zn 0.93 Mn 0.07 Se bulk crystal are similar to that of the Zn 0.76 Mn 0.24 Se. The summary plot is shown in Fig. 7 . It is clear that the Mn concentration dependence of the transition pressure is similar to the EDXD work, the transition pressure decreases with Mn concentration. For both Zn 0.93 Mn 0.07 Se and Zn 0.76 Mn 0.24 Se bulk crystals, two TO split modes are observed at pressures below the ZB-RS (B 1 -B 3 ) phase transition pressure. The splittings could result from the deformation of the crystals. The deformation breaks the crystal symmetry of the ZB (B 3 ) structure. This in turn results in the splitting of the TO phonon model. However, the evolution of the crystal deformation is not known. As the pressure exceeds the structural transition pressure, the fourfold covalent bonding of the ZB structure transforms into nondirectional ionic bonding of the RS structure, which has six nearest neighbors for both anions and cations. When the structural transition is complete, by compressing the lattice further, the interion distance of the RS lattice decreases. The decrease in the interion distance makes electron hopping between the anions relatively easy. As a result, the resistance of the semiconductor drops to a value comparable to that of metal. The corresponding pressure at which Zn 0.93 Mn 0.07 Se and Zn 0.76 Mn 0.24 Se crystals fully transform from the ZB to RS structure 11.8Ϯ1.5 and 9.9Ϯ0.5 GPa, respectively. We, therefore, propose that the occurrence of the ZB to RS structure and the disappearance of the LO and impunity mode phonon transition are signatures of the metallization of semiconductors.
IV. CONCLUSION
The pressure-induced structural phase transition of tion for ZnSe, Zn 0.93 Mn 0.07 Se, and Zn 0.76 Mn 0.24 Se crystals occurred at 15.5Ϯ0.5, 11.8Ϯ1.5, and 9.9Ϯ0.5 GPa, respectively. The observed reduction in the structural transition pressure of ZnMnSe with Mn concentration implies that the replacement of Zn by Mn results in a decrease in the metallization pressure. This also indicates that the replacement of Zn by Mn results in softening of the crystal bonding and instability of the crystal structure.
